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The focal length and numerical aperture of a complexly structured modified region in a plate of porous glass 
are determined. It is shown that when a plate of porous glass with a modified region is baked the complex 
structure of the modified region remains. The focal length and numerical aperture of the complexly structure 
modified region in the quartzoid glass plate are determined. It is found that baking a porous glass plate with a 
modified region in a furnace considerably reduces the focal length and increases the numerical aperture to 0.9. 
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One of the main directions of advancement of integrated 
and fiber optics is the development and production of a wide 
class of optical elements on a surface and in the interior vo¬ 
lume of transparent materials (glass) for converting and con¬ 
trolling optical signals. Such optical elements are obtained 
by local changes in the optical properties of a material, i.e., 
by producing regions with modified optical properties. New 
methods of forming modified regions (MRs) 1 -300 pm in 
size in the interior volume of materials transparent to the 
forming radiation have been developed rapidly in the last 
few years [1,2]. Laser technologies make it possible to pro¬ 
duce MRs with prescribed sizes and shapes by controlling 
the energy characteristics of the radiation used to form the 
MRs and the results obtained are highly reproducible, which 
is accomplished by means of feedback on the optical charac¬ 
teristics in the course of the formation of an MR. All MRs 
formed on a surface and in the interior volume of glass plates 
can be conventionally grouped as follows: 

1) with constant index of refraction different from that of 
the main material; 

2) with an index gradient; 

3) complexly structured, comprised of parts with differ¬ 
ent refractive indices that can differ from the index of the 
main material. 

At present special attention is being devoted to the pro¬ 
duction of complexly structured MRs. A complex structure 
of an MR permits wider control of the optical properties of 
the MR and makes it possible to produce optical elements 
with ultrashort focal lengths. 
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It has been reported in the last few years that lasers with 
ultrashort pulses (10 9 - 10“ 14 sec), high repetition fre¬ 
quency (100-250 kHz) and long wavelength radiation for 
which the glass is transparent (X = 0.8 pm) are usually used 
to form MRs in the interior volume of optically transparent 
materials [3-7]. Because of the high power density 
(10 10 - 10 15 W/cm 2 ) in the waist of the laser beam a nonlin¬ 
ear change occurs in the absorption, as a result of which the 
optical properties in the region of the neck change, i.e., MRs 
with altered optical properties are formed. 

However, information on the formation of MR in the 
interior volume of a plate of porous glass (PG) by laser ra¬ 
diation with wavelength X = 0.808 pm, average power 
P = 120 mW and linear polarization of the beam is presented 
in [7, 8]. For long-time stabilization of the optical properties 
plates with an MR were baked at temperature 870 ± 10°C for 
15 + 5 min to convert the plate into quartzoid. It follows 
from these reports that an MR in plates of quartzoid glass 
(QG) can be used as a single optical element for focusing ra¬ 
diation or matching fibers in optoelectronics. We note that in 
terms of the physical-chemical properties quartzoid glass is 
only slightly inferior to quartz glass [9]. The quartzoid glass 
is transparent from the near- to mid-IR ranges and possesses 
high chemical, thermal and radiation resistance. 

It is known that the geometric dimensions and index of 
refraction of MRs and the refractive index of the plate 
change when the plate is baked [8, 10, 11], but baking pre¬ 
serves an MR in a PG plate and increases the temporal stabil¬ 
ity of the optical properties of an optical element. In [8, 11] 
the optical properties of complexly structure MRs have never 
been determined for a PG plate or a QG plate obtained by 
baking PG plates with an MR in a furnace. At the same time 
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Fig. 1 . The experimental arrangement for measuring the focal seg¬ 
ment: 1 ) QG plate with an MR; 2 ) coordinate table; 3 ) microscope 
scale; 4 ) laser module; 5 ) microscope. 

it is precisely the optical properties that determine the poten¬ 
tial possibilities of using MRs in different spheres of micro¬ 
systems engineering. The determination of the optical pro¬ 
perties of MRs in PG plates will make it possible to deter¬ 
mine the changes occurring in these properties as result of 
baking and will shed light on how laser radiation weakly ab¬ 
sorbed by the plate material forms an MR as well as on the 
processes occurring in complexly structured MRs when 
plates with an MR are baked in a furnace. 

The objective of the present work is to determine the op¬ 
tical properties of a complexly structured MR in a PG plate 
and the changes occurring in these properties when a PG 
plate with an MR is baked in a furnace. 

The main optical properties of an MR intended for focus¬ 
ing radiation are: the focal length f the numerical aperture 
(NA) or the resolving power N. The optical properties of any 
optical element, including an MR, are determined by its 
shape, structure, refractive index and index gradient, if one is 
present. 

The focal length of an MR in a PG plate was determined 
by measuring the focal segments of thin micro-optic ele¬ 
ments, where by using an optical microscope a focal segment 
could be taken as the focal length [13]. 

We used this method because in the practice of optical 
measurements other methods recommended for measuring 
the focal length, even for optical elements several millime¬ 
ters in size, are not applicable for objects smaller than 
200 pm located in the interior volume of a plate at a depth of 
the order of 400 pm. 

The method of measuring a focal segment under a micro¬ 
scope is based on measuring the distance from the surface of 
an MR to the plane with the smallest cross section of a laser 
beam with small divergence of the radiation passing through 
the MR. The plane with the smallest laser beam cross section 
was identified with the focal plane of the MR. By bringing 
the best-view plane of the microscope into coincidence with 
the focal plane of the MR being tested it was also possible to 
determine the size dy of its focal spot as well as the quality of 
the MR, to a first approximation, according to the shape of 
the focal spot. 


The experimental arrangement for measuring the focal 
segment Sy and the focal spot dy is presented in Fig. 1. 

In this method the focal segment was measured as fol¬ 
lows. The QG plate 1 with an MR was placed on the coordi¬ 
nate table 2 with a microscope scale 3 , where movement 
along the optic axis of the MR with accuracy ±1 pm was 
possible. When the QG plate with an MR was positioned its 
optic axis was in coincidence with the optical axis of the la¬ 
ser module 4 with radiation wavelength X = 0.645 pm and 
the optical axis of the microscope 5 with magnification xlOO. 
The surface of the MR was brought into coincidence with the 
best-view plane of the microscope by moving the coordinate 
table 2. This position was fixed on the scale 3, along which 
the coordinate table moved. Next, the coordinate table 2 was 
moved until the smallest light spot was no longer visible in 
the best-view plane of the microscope. The displacement of 
the table between the fixed positions was identified with the 
focal segment of a thin MR, for which the focal segment Sy 
differed very little from the focal length. The accuracy of this 
method is relatively low, but the method is simply executed 
and makes it possible to determine the two most important 
optical characteristics of the MR — the focal length/and the 
size dy of the focal spot. 

It follows from the description of the method that the 
measurement error for / of a spherical MR will be consider¬ 
able larger than for a hemispherical MR, especially for an 
MR in the form of a plano-convex lens. 

The focal length of a spherical MR in a PG plate was 
measured 10 times on a setup assembled according to the 
scheme shown in Fig. 1. For a spherical MR the first reading 
on the scale was fixed when the central section of the sphere 
was coincident with the microscope’s best-view plane. The 
measurement error (confidence interval with confidence 
probability 0.95) did not exceed 7%. The focal length deter¬ 
mined from the measurements was f= 260 ± 20 pm. 

Since the main problem here was still the determination 
of the optical properties of an MR in a QG plate, because it is 
precisely these properties that make it possible to determine 
the potential application of MRs, the PG plates were not 
ground to a thickness at which the MR thickness is approxi¬ 
mately equal to or less than the radius of a spherical MR. 
Grinding was also not done because the operation of grind¬ 
ing a PG can give rise to significant mechanical stresses 
which cause the plates to fracture. For plates exposed to laser 
radiation the grinding operation is doubly dangerous and 
usually ends with the MR being spiked out of the plate [9]. 

The optical properties of a complexly structured MRs in 
the interior volume of a PG plate were determined for a 
known geometry and refractive indices of its parts. The sizes 
of the MR parts were determined from a photograph of a pre¬ 
scribed section of the MR. The photographs were obtained 
with a Carl Zeiss Axio Imager Al optical microscope in 
transmitted light with magnification xlOO (Fig. 2); the MR 
diameter <7 MR =185pm and central part diameter d cp = 
114 pm. The porosity of the MR parts is determined in [11]. 
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Fig. 2. Photograph of an MR formed in the interior volume of a PG Fig. 3. Photograph of the focal plane of an MR in PG. 
plate, in transmitted light. 


The refractive indices of the MR parts were calculated from 
the relation n cp = 1.414 and the relation n sA = 1.316 for its 
surrounding spherical layer; the index for the PG plate is 
n pX = 1.342 ± 0.005. The computed focal length of the MR 
was/= 260.24 pm. 

Comparing the computed and measured focal lengths of 
an MR in a PG plate showed that the discrepancies fall 
within the measurement error. 

The diameter dj- was determined to be df = 12 + 0.5 pm 
according to the photograph of the smallest cross section of 
the laser beam passing through an MR in the plane (Fig. 3) 
which we identified with the focal plane of the MR. The nu¬ 
merical aperture of the MR in the PG plate with 

d MR =185 pm and f= 260 pm was 0.36. 

To determine the optical properties of a complexly struc¬ 
tured MR in a QG plate it is necessary to know its parts and 
the refractive indexes of these parts. If the sizes of the MR 
parts under a microscope can be measured quite easily, deter¬ 
mination the refractive index of the parts of an MR with di¬ 
ameter about 160 pm, located in the interior volume of the 
glass at depth 400 pm, is a difficult technical problem. 

It is impossible to determine the refractive index of ob¬ 
jects as small as the central region of an MR (d cp = 
50-60 pm) and the enclosing spherical layer of width d cA = 
55-60 pm by refractometric measurements of n [14], which 
are widely used in optical measurements. The existing me¬ 
thods of determining the refractive index, which are based 
on, for example, measurement of the reflection coefficient at 
a prescribed wavelength, as a rule, X = 0.633 pm, which is 
the wavelength of single-mode He-Ne laser radiation inci¬ 
dent in a direction perpendicular to the plane-parallel surface 
of the experimental object, are inapplicable for objects of 
such small size and shape. 

However, the refractive indices of parts of an MR can be 
found. To do this we turn to the results obtained in [11], where 
porosity data are presented for PG plates 5 PG = 0.25 cm 3 /cm 3 , 
the central part of an MR 5 c p = 0.102 cm 3 /cm 3 and the 


spherical layer enclosing the central part 8 s l = 0.297 cm 3 /cm 3 
at a time before the PG with the MR is baked in a furnace. It 
is also shown in [11] that the porosity of the central part cor¬ 
responds to its pore volume F pore c p = 0.0235 V sp , where V sp 
is the MR volume, while the porosity F pore j of the spherical 
layer is found from the relation 

W, = 02275 V sp . (1) 

Over the same period of time that a PG plate compacting 
to quartzoid shrinks to 0.25 of the initial volume of the plate 
the MR as a whole also will shrink to 0.25 of the initial vo¬ 
lume. The full shrinkage, i.e., compaction of the central part 
of the MR to quartzoid, having a much lower porosity than 
that of the PG plate, will definitely occur. Over the compac¬ 
tion time of the PG plate and central part of the MO, for 
which their porosity and pore volume become vanishing 
small, a pore volume will remain in the spherical layer; this 
pore volume can be found as the difference of the pore vo¬ 
lume of the spherical layer and the pore volume of the spher¬ 
ical part of the MR at the moment before compaction, i.e., 


V 


= K 


pore sp.comp pore c.l 


V = 0.204 V 

pore c.p sp 



where F cn is the pore volume in the spherical layer 

PUIV op.vUlIip 1 A. m/ 

after compaction of the PG plate with MR in a furnace. 

The dependence of the pore volume in the spherical 
layer, expressed in parts of the MR volume, on the volume of 
the spherical layer, also expressed in parts of the MR vo¬ 
lume, i.e., F pore A =f(V s p i), is presented in Fig. 4. Given the 
pore volume in the spherical layer, the known volume of the 
spherical layer, the known volume of the spherical layer at 
the start of the compaction process and the known volume of 
the spherical layer at the end of the compaction process (see 
Fig. 4) the volume of the spherical layer V sp comp after com¬ 
paction can be determined from the volume of the pores re¬ 
maining in the spherical layer with complete shrinkage of the 
central part of the MR and the plate as a whole on the basis 
of the expression 


V = 0.742 V 

sp.comp sp. 
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K pore , arb. units 



I F i i i i i i 

0.52 0.56 0.60 0.64 0.68 0.72 0.76 F spl 


arb. units 


Fig. 4. Pore volume F pore of a spherical layer versus the volume F sp ,. 



Given the volume of the pores remaining in the spherical 
layer and the volume of the spherical layer the porosity cor¬ 
responding to a given pore volume 5 sp comp can be calculated 
from the expression 


V, 


poresp. comp 


sp.comp 


V' 


sp. comp 



The value found 8 sp comp = 0.275 cm 3 /cm 3 made it possi¬ 
ble to determine the refractive index of the spherical layer of 
the MR in a QG plate n 2 = 1.331 from the relation n=f(d ), 
presented in [12] for PG plates, whose composition and pro¬ 
cessing were close to that of PG plates used in the experi¬ 
ment on the formation of MRs. 

Since before the measurements were performed the QG 
plate was ground to a thickness at which the MR thickness 
was approximately equal to the radius of a spherical MR in 
order to decrease the error of measurement for the focal seg¬ 
ment, the optical characteristics of the complexly structured 
MR in a QG plate were determined according to the known 
geometry of the parts of a hemisphere and according to the 
known refractive indices of these parts. 

The QG plates were ground and polished using Buehler 
MetaServ 250 equipment. Since baking reduces thermo- 



Fig. 5. Photograph of a polished MR in QG in transmitted light. 


mechanical stresses present in PG plates exposed to laser ra¬ 
diation [9], the mechanical processing was successful, no 
cracking or spike out of MR occurred. 

The sizes of the MR parts were determined by photo¬ 
graphing the MR cross sections (Fig. 5), which was accom¬ 
plished in transmitted light in a Carl Zeiss Axio Imager 
Al microscope with xlOO magnification; the values were 
found to be <i MR =168 pm and d c/p = 54 pm. The refractive 
indices of the QG plate n 3 and the central part of the MR n h 
which also shrunk completely, are equal to 1, and their va¬ 
lues for wavelength X = 0.633 pm can be taken as n { = n 2 = 
1.458. The refractive index n 2 of the spherical layer, enclos¬ 
ing the central part of the MR, was found to be n 2 = 1.331 
(Fig. 6). 

The hemispherical MR, whose flat surface is coincident 
with the surface of a polished QG plate, can be represented 
as an optical system consisting of three thin optical compo¬ 
nents [15]. In accordance with the rules for signs adopted in 
geometric optics the focal length of such an MR can be 
found from the expression 


/ 


_ n 2^2^3 _ 

(R 3 —R 2 )[n 2 (n l — 2)+l] 



where R 1 is the radius of the MR and R 3 is the radius of its 
central part after the PG plate with an MR is baked in a fur¬ 
nace. 

For R 2 = 84 pm and R 3 = 27 pm the focal length of a 
hemispherical MR is/= 188 pm. 

The focal length of the MR in a QG plate was measured 
by the method of measuring a focal segment under a micro¬ 
scope. The focal length of a hemispherical MR in a QG plate 
was measured 10 times in a model of the setup. The measure¬ 
ment error for / (the confidence interval with confidence 
probability 0.95) did not exceed 5%. The focal length deter¬ 
mined as a result of the measurements was /= 190+ 10 pm. 
The value df = 7.0 ± 0.5 pm was obtained from a photograph 
of the smallest cross section of the laser beam passing 
through the MR, which we identified with the focal length of 
the MR, taking account of the scale of the photograph 
(Fig. 7). 
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Fig. 7. Photograph of the focal plane of the MR in QG. 

The results of the experimental measurements and calcu¬ 
lation of the focal length were in agreement with one another 
to within the measurement error. 

Now, when the sizes of the MR parts and the refractive 
indices of these parts and the QG plate are known, the focal 
length f of a spherical MR can be calculated using 
well-known relations from geometric optics (5) assuming 
that both hemispherical components f h sp of the MR can be 
regarded as thin and therefore / sp =f h sp . 

The numerical aperture was determined, according to the 
known focal length f = 90 pm and diameter of the MR, to 
be NA = 0.9. We did not expect such a high value of the NA, 
since the stabilization of the properties of thermally com¬ 
pacted optical elements produced on the surface of PG plates 
by C0 2 laser radiation during baking in a furnace was always 
accompanied by a decrease of the numerical aperture. The 
optical elements of the MR in a QG plate were found to be 
much more attractive from the standpoint of using MR than 
the analogous properties of MR in a PG plate. 

The significant improvement of all optical properties of 
MRs, first and foremost, the numerical aperture by a factor 
of 2.5, which is the most important property of an MR, deter¬ 
mining its functional possibilities, in the process of baking 
PG plates with MR in a furnace gives hope that MRs will 
find the widest possible application in unprecedentedly rap¬ 
idly growing areas of fiber-optic communication, integrated 
optics and microsystems engineering. 

CONCLUSIONS 

The optical properties of complexly structured MRs in 
the interior volume of PG and QG plates were determined. 
The focal length of MRs in both cases was determined expe¬ 
rimentally and computationally. In both cases, to calculate 
the focal length of MRs in a QG plate the refractive index of 
the spherical layer enclosing the central part of the MR was 
determined using the pre-baking porosity for the MR parts. 
The focal length of an MR in a QG plate was measured on 
QG plates polished to thickness approximately equal to the 
radius of the MR in order to decrease the measurement error. 


The computational and experimental results in both cases 
were in agreement with one another to within the measure¬ 
ment error. The MR in the QG plate shows quite high resolu¬ 
tion > 100 lines/mm and an unexpectedly large numerical 
aperture NA = 0.9. As far as we know, up till now there have 
been no reports of such large numerical apertures having 
been obtained in a single optical element. 
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